Abstract Ponds are biodiversity hotspots, but pond conservation is hampered by problems auditing these small, often temporary, habitats. Data on temporal changes to the number of ponds in response to weather variations are lacking. Annual and seasonal changes to the numbers and area of wetted ponds in a lowland farm in England were surveyed by field walks between November 2010 and November 2013. Plant communities were recorded to identify variations in pond type between land-uses. The study period coincided with severe drought up until April 2012 followed by record breaking precipitation. The wetted areas of ponds in wetlands and dune slacks showed the strongest relationship with rainfall over the preceding 4-6 months, whilst the areas of ponds in arable or pasture fields varied more with rainfall in the previous month. Ponds from different land-uses supported different plant communities and all types added to the overall total site biodiversity. Plant communities of ponds in arable fields benefitted from the extreme wet summer of 2012. The results show that the number and area of ponds varied significantly between years and seasons and that different pond types in different land-uses may vary in their response to extreme weather.
Introduction
Ponds and small wetlands are ubiquitous throughout the Earth's terrestrial biomes from the equatorial tropics (Fasona & Omojola, 2009 ) to Antarctica (Allende & Mataloni, 2013) , from pristine forests (e.g. the Amazon, Heckenberger et al., 2007) , intensively managed agricultural lowlands (e.g. Taiwan, Chou et al., 2014) and urban landscapes (Hassall, 2014) . Naturally occurring ponds are commonly augmented by anthropogenic ponds created for a specific purpose such as cattle watering in Romania (Hartel & Von Wehrden, 2013) , irrigation in Japan, (Usio et al., 2013) , waste water treatment in Burkino Faso (Akponikpe et al., 2011) or accidently due to industry, e.g. subsidence ponds in north east England, Jeffries (2012) . The importance of ponds as wildlife habitat went largely overlooked until the 1990s, especially smaller, temporary pools and wetlands, although there were occasional, prescient studies (Mozley, 1944) . Researchers, land managers and policy advocates now recognise the importance of ponds. Ponds are disproportionately rich in overall species and rarities at the landscape scale compared to streams, rivers and lakes, (Williams et al., 2003; Davies et al., 2008) . More recently their potential significance for ecosystem services has been highlighted, e.g. for controlling eutrophication or carbon sequestration (Downing, 2010; Céréghino et al., 2014; Gilbert et al., 2014) but uncertainty about the number and size of small ponds, especially those\0.1 km 2 in area, makes generalisations difficult (Downing et al., 2006) .
Much of the work on ponds over the last 20 years was prompted by the loss of ponds from the agricultural lowlands of Europe and North America. Audits, primarily using historic maps, suggest that losses continued up until the 1990s (summarised Fairchild et al., 2013) . Recent examples from the UK and USA followed the fate of ponds recorded on sequences of maps from the mid nineteenth century to the present day and showed more complex patterns, with periods of net loss, gains and the survival of individual ponds varying with origin and land-use (Jeffries, 2012; Fairchild et al., 2013) . Note that ponds in very remote environments may also be under pressure from climate change, e.g. the High Arctic of Canada (Abnizova & Young, 2010) . Estimates of the numbers of ponds, primarily from intensively managed lowlands and using map records, have been widely reported (e.g. Wood et al., 2003; Williams et al., 2010; Jeffries, 2012) . However, audits of the numbers and losses of ponds based on maps are always underestimates, in particular due to the minimum size thresholds below which features are not shown on maps, which will result in the omission of many small ponds. Historic maps can be revealing where the limits are recognised. For example Jeffries (2012) audited ponds shown on 1:10,000 Ordnance Survey maps of south east Northumberland, UK, from the 1860s to the present day, showing that the total number of ponds had increased slightly but there had been marked turnover of individual ponds so that only 24 of the original 222 ponds were still depicted. These maps had a lower size threshold of 4 m; smaller features would not be shown. In addition temporary ponds were typically not shown. The fundamental nature of temporary wetlands, the very characteristics that make them so biodiverse, such as their small size, cryptic and changeable nature, defies easy survey. Baldwin & de Maynadier (2009) conclude that the ponds go unprotected because they are undetected.
Human impacts on landscape not only affect the total number of ponds but also impact upon their spatial distributions and size, resulting in changes from many, clustered ponds, to fewer, less clustered sites (Gibbs, 2000) . The number of ponds in a landscape, their size and how these attributes change over time are core to both pond ecology and conservation. The number, density, and clustering of ponds all affect diversity patterns. For example a, b and c diversity generally increase with pond number and density in the landscape (e.g. Thiere et al., 2009; Bosiacka & Pieńkowski, 2012) although communities can also become more similar if colonisation becomes more uniform.
Our growing awareness of the importance of ponds has prompted the use of remote sensing and modelling to quantify their number. These methods have great potential given the spatial scales and remote areas that can be covered but problems remain. Many remote sensing audits have minimum size thresholds for detection that are larger than most ponds and wetlands e.g. [1 km 2 (Lehner & Döll, 2004) , 0.4-1.2 ha (Pitt et al., 2012) and 0.5-1 ha (Jones et al., 2009 ). Estimates of pond numbers and size also vary with the precise combinations of remote sensing and scales of maps or photographs (Abedini et al., 2006 : Baldwin & de Maynadier, 2009 Gala & Meleese, 2012) and are compounded by natural temporal change (Soti et al., 2010) . Pond numbers can also be estimated from statistical models, even at a global scale. Using modelling Downing et al. (2006) and Downing (2010) suggested that both the numbers and areas of smaller ponds (''small ponds'' refers to those of \1000 m 2 , Downing, 2010) have been significantly under-estimated. Downing (2010, p. 13 ) estimated that natural ponds in this size range number *3.2 9 10 9 , and have an area of 0.8 billion km 2 . However, the total land area of Earth is only 0.149 billion km 2 and more recent modelling has challenged the suggestion that smaller lakes are so much more abundant (Seekell & Pace, 2011; Verpoorter et al., 2014) . The estimates from models, like those from remote sensing remain uncertain, especially for smaller ponds, but the general message that the numbers and area of small ponds are under-estimated holds good. The need for ground surveys is all too apparent.
Ground surveys result in marked increases to numbers of recorded ponds, particularly ponds in woodland (e.g. Calhoun et al., 2003; Pitt et al., 2012) and temporary wetlands. A powerful example of the value of field survey is the Countryside Survey of England, Scotland and Wales. Carried out in 1996 and 2007, the project used ground survey of 1 km 2 sample areas of broad rural land-use types, the results from which are multiplied up in proportion to those overall land-use types to give national totals. The 1996 results were the first to show that seasonal ponds were widespread in the UK (Williams et al., 2010) , which is more a record of our previous ignorance than of the novelty of temporary ponds. The 2007 survey estimated a total of 478,000 ponds, 70% of which were in the smallest size category between 25 and 400 m 2 . The number of ponds through time is not only a problem for cartography but also a challenge for understanding the ecology of these habitats in the face of climate change to which they will be especially sensitive due to their small size (Rosset et al., 2010; Rosset & Oertli, 2011; Ewald et al., 2012) . Despite the recognition that small wetlands will be disproportionately vulnerable (Heino et al., 2009) , they are usually missed out of global and national assessments of climate hazard (Brooks, 2009 ). The existing adaptations of temporary pond biodiversity do confer resistance and resilience to climatic variation, at least to drought (Lake, 2011) , and temporary ponds support unique and rare taxa, e.g. branchiopods, which benefit from dry phases that prevent the establishment of many predators. A particular threat arises from novel extremes of rainfall, high or low, which wildlife have not previously encountered and against which their existing adaptations are ineffective (Jones, 2013) . Extreme drought or rainfall have been shown to disrupt communities of plants (Johnson et al., 2004) , invertebrates (Golladay et al., 1997; Jeffries, 2010) and amphibians (Wassens et al., 2013 ) associated with small wetlands. Pond numbers and size will vary with climate, both systematically with seasons but also in response to climate change and extreme events (Jones, 2013) . Most studies of ponds and their wildlife are short term, usually surveys carried out in one year which do not capture temporal heterogeneity (Jeffries, 2005; Hassall et al., 2012) . Given that the area, density and clustering of ponds in single year surveys all appear to affect species richness at the local and landscape-scale (e.g. Oertli et al., 2002 : Thiere et al., 2009 Bosiacka & Pieńkowski, 2012) , the variability between years and changes associated with local climate variation are also likely to be important but remain under-researched.
Given their acknowledged importance for biodiversity and the growing evidence for their significant role in ecosystem services, estimating the numbers and extent of small ponds and wetlands and how these might vary between years, season and with local climate remains a challenge. This study was carried out to specifically address these questions by recording the number and area of ponds in an intensively managed lowland landscape in north east England over three years. The study addresses three main objectives: (1) quantifying the number of ponds in the landscape, especially of small ponds and their variation between land-uses in a managed, lowland farm, (2) quantifying the seasonal and annual changes to the number and extent of ponds and (3) characterising the sensitivity of ponds to regional climate variability and how this might vary between types of ponds within different land-uses. Changes to the number and area of ponds were related to regional seasonal and annual rainfall variation. Additionally during the study period, November 2010-November 2014, the region was subject to weather extremes, including both unusually wet and dry seasons. The plant communities of the ponds were recorded to characterise the pond types within broad land-uses and test how the number of different pond types might vary between years and land-use.
Method

Survey site
The survey was carried at Blakemoor Farm a mixed arable and livestock farm at the southern end of Druridge Bay on the Northumberland coast, (UK Ordnance Survey NZ 285 940, Fig. 1 ). The farm is typical of the south east lowlands of Northumberland, an area with a diverse mix of pond types (Jeffries, 2012) . The farm and its broad land-uses have been unchanged since at least the 1860s, the date of oldest maps of the site. From 1950 onwards land subsidence over old coal seams has created large numbers of shallow mine subsidence ponds. The area surveyed was 1 km 2 and the route walked was 12.5 km in length, zig zagging throughout the fields, so that all of Hydrobiologia (2016) 768:255-272 257 the landscape could be inspected to identify ponds down to 1 m 2 in size.
Pond number and area
The number of ponds and small wetlands holding water was recorded by walking throughout the site, starting in November 2010. The farm was walked every few months: late November, January, March, late May and August from November 2010 to November 2013 inclusive. This resulted in fifteen walks during the study period; January 2012 was missed due to sustained bad weather. All ponds and wetlands were recorded including gateway pools and track puddles. The smallest size recorded were pools of 1 m 2 and the largest was over 67,000 m 2 . In late May/early June and late November/early December of 2011 to 2013 the total area of standing water within each pond was recorded. For smaller ponds, i.e. less than *30 m along their longest axis, this was done by measuring the diameters or sides and treating them as ellipses or rectangles. Some ponds were irregular or broken up for example by tractor tramlines, in which case the measurements recorded the outer limits. The wetted areas of larger ponds were recorded on aerial images. Their dimensions such as diameter or edge length were measured and also distances to conspicuous features such as telegraph poles, gateways and trees so that their inundated extent could be drawn out on maps. The areas of these larger sites was then measured using Edina Digimap, (digimap.edina. ac.uk).
Ponds were initially grouped into four broad types based on their surrounding land-use. This was done because previous data suggested that regional pond types, characterised by their macrophyte plant communities, varied between different land-uses (Jeffries, 2012) . The four categories were:
(1) Ponds in arable fields. These ponds lacked any adjacent natural or semi-natural vegetation, no buffer into the crops and were ploughed and planted with crops every year. (2) Ponds in permanent pasture. Again these ponds lacked any adjacent natural or semi-natural vegetation or buffer into the managed pasture, and livestock (cattle or sheep) had complete access every year. (3) Ponds in dune slacks. On the landward side of coastal dunes, on conspicuously sandy soil and subject to occasional brackish flooding from adjacent wetlands. Natural dune slack vegetation, unmanaged and with occasional cattle grazing. (4) Ponds in amongst naturalistic wetland complexes and rough grassland creating distinct buffer zones. In a few cases livestock could potentially access the ponds, although the swampy surrounds largely prevented this. Hereafter they are referred to as 'natural wetlands', although they have developed on land that was managed 20-50 years ago.
Botanical survey
Macrophyte plants were surveyed (1) to characterise the ponds from the Blakemoor study site, examine differences in the vegetation of pond from the four different land-uses and if the plant communities supported the separation of ponds into the four groups based on land-use and (2) opportunistically following an extreme rainfall event in 2012 to record changes to flora in 2013 and 2014, in particular to ponds in arable fields. Characterising the ponds using plant communities
The plants from 55 of the 135 ponds found during the course of the surveys were recorded once during the summers of either 2012, 2013 and 2014. The 55 ponds were chosen to include examples of ponds from all four major land-use types, 10 from naturalistic wetlands, 18 from arable fields, 18 from pasture, and 9 from dune slacks. Following the National Pond Survey method all macrophytes within the outer pond margin were recorded (Pond Action, 1993). Identification followed Stace (1997) and Lansdown (2009) including microscopic examination where required e.g. Callitriche species or Epilobium seeds. The abundance of each taxon was recorded using the DOMIN scale, a ten category scale of % cover which is the standard survey method for the UK National Vegetation Survey including wetland vegetation (Rodwell, 1992) .
Responses of plant communities following an extreme rainfall event
The record breaking rainfall from April 2012 onwards resulted in very high water levels and conspicuously luxuriant growth of macrophytes especially in ponds in the arable fields. This event was used opportunistically to examine how the unusually verdant plant communities fared in subsequent years. From the original 55 ponds surveyed in 2012, a subset of 20 ponds were re-surveyed in the summers of 2013 and 2014. The surveys were confined to ponds from either the natural wetlands (N = 6) or arable fields (N = 14) because of the particular impact of the 2012 inundation on the arable sites, to compare changes to the species richness and cover of plants in these arable ponds if there was a return to normal summer dry phases in 2013 and 2014.
Rainfall data
The regional climate of the south east Northumberland plain, where Blakemoor is situated, is relatively cool compared to southern England, but surprisingly dry due to rain-shadow from hills to the west and north (Lunn, 2004) . Total monthly rainfall data from the nearest British Meteorological Office weather station at Boulmer (Ordnance Survey NU 253 142) were used to examine changes to the number and areas of ponds holding water during the survey period. Boulmer weather station is a coastal site 21 km north of Blakemoor with mean monthly rainfall during the survey period of 60.5 mm, and a mean temperature of 9.3°C. Regional climate is broadly stable at the 50 km scale. Rainfall at Boulmer during the study period was highly correlated with Newcastle Weather Centre and Albermarle weather stations, both *50 km south of the study site (r = 0.882 and 0.828, respectively, P \ 0.001) suggesting that Boulmer provides representative rainfall for the region of Blakemoor Farm. The period of this study coincided with striking climate extremes in the UK, including in the study region. The general pattern was one of drought from 2010 to March 2012, extreme rainfall from April to December 2012, followed by a largely average 2103 except for a July drought and heatwave (Met Office, 2015) . Table 1 provides a summary.
Analyses
The relationships between total wetted areas of the ponds from different land-uses and regional rainfall were characterised using linear regression, using wetted area measures first recorded in November 2010 and thereafter in May and November of the survey years, resulting in seven sets of measures in total. Total wetted areas for each pond type were regressed against the rolling means of rainfall from a range of preceding months, 1-6, 8 and 12, to identify the strongest relationships. Rolling means were used primarily to explore how rainfall over different time scales might affect ponds in different land-uses.
The plant communities of the 55 ponds surveyed to identify pond types and variations between ponds from different land-uses were characterised using TWIN-SPAN and DECORANA, with ANOSIM to test differences between groups of ponds. Differences in the numbers of taxa between pond types were tested using one-way ANOVA. Differences in the numbers of taxa from the 20 ponds recorded in 2012 and resurveyed in 2013 and 2014 were tested by two-way ANOVA comparing year and pond type (natural or arable). Changes to the DOMIN scale cover of plants from the 20 ponds over these 3 years were compared using the Kruskal-Wallis test.
Multivariate statistics were carried out using CAP 3.1, all other analyses using SPSS 22.
Results
The number and area of ponds holding water and relationship to variations in rainfall The majority of ponds on Blakemoor Farm are small, \1000 m 2 , and temporary. Over the course of the 3 years 135 wetlands, ponds and pools were identified, of which 86 were recorded as holding water more than once. The number of ponds varied between a maximum of 105 within the 1 km survey area in the autumn of 2012 and a minimum of 12 in August 2011, with an average of 53.4 ponds across the 15 walks. The maximum number of ponds in each land-use were 55 in pasture (including 9 small but recurrent gateways pools), 46 in arable fields, 35 in natural wetlands and 9 dune slacks. All the natural and dune ponds were wetted for at least part of each year, compared to only 22 of the pasture ponds and 17 in the arable fields.
The number and areas of wetted ponds varied markedly with rainfall. The total number of ponds holding water was strongly correlated with mean rainfall over the preceding months, the 6-month rolling average giving the strongest correlation (Fig. 2, Pearson's correlation, r = 0.734, P \ 0.01). Total wetted areas of the four pond types recorded at the May and November site visits varied from a minimum of 43,000 m 2 in the early summer of 2011 to over 115,000 m 2 in the late autumn of 2012 (Fig. 3) . The impacts of the extreme weather are obvious, with the total wetted areas lowest in the summers of 2011 and 2013 during drought and heatwave, but high in the summer of 2012 and highest in the autumn of 2012 as record breaking rainfall, up to 200% of the long-term monthly averages, prevented routine summer drying and inundated new sites. The variation is particularly striking in the arable and pasture field ponds, the total area varying between 2900 to 25,300 m 2 and 700 m 2 to just under 10,000 m 2 , respectively. Of the recurrent 17 ponds in arable fields that filled every year only one very large pond did not dry out in the summer. Similarly only one of the pasture ponds did not dry out at some stage. The size distribution of ponds also varied with rainfall (Fig. 4) throughout the survey period of November 2010 to November 2013. During the wettest season, when pond numbers were at their highest in the autumn of 2012, ponds with an area of between 100 and 1000 m 2 dominated. However, when the number of ponds was at its lowest in the summer of 2011 the smallest ponds up to 10 m 2 were the most frequent.
The total wetted areas of ponds from all four landuses showed strong positive relationships to rainfall over the preceding months although the best models varied between land-use. For the ponds in dunes and natural wetlands, the rainfall during the preceding 4-7 months all gave significant relationships (P \ 0.05) with high r 2 values (0.6 to 0.8?), the rainfall over 5 and 4 months giving the highest r 2 for dune and natural wetland ponds, 0.879 and 0.874, (Table 2 ). For the ponds in arable and pasture fields, the wetted areas showed the strongest relationships to rainfall for the month immediately preceding the site visits, giving r 2 values of 0.807 and 0.798, respectively (Table 2 ). Local rainfall is the key to the numbers and sizes of pond at Blakemoor.
Botanical characterisation of the ponds
The macrophyte plant data were used to characterise the 55 ponds surveyed, to test differences in species richness between ponds from the four different landuses and to use the plants to classify the ponds to test if Regressions were run against a range of rainfall means. The table shows the results with the highest adjusted r 2 values and, for comparison, the outcomes for a range of other periods the resulting groups matched the broad scale division into four types based on land-use. The DECORANA and TWINSPAN analyses suggested the ponds clustered into four groups (Fig. 5) , comprising sites in dune slacks (plus a few others with brackish intrusion), ponds in arable fields, a third group comprising ponds in pasture or natural wetland (ponds from the two landuses are rather separate within the overall group, see Fig. 5 ) and a fourth set of small pools that recurred in gateway entrances to fields. The four TWINSPAN groups are all significantly different to each other, ANOSIM, P \ 0.001: Table 3 gives group characteristics, e.g. plants and patterns of drying. Therefore, the clustering of ponds based on the plant data do not exactly match the four groups based on land-use, primarily because of the separation out of the gateway pools. Subsequent results and discussion retain the four original groups based on land-use but with a fifth group comprising the gateway ponds added.
The numbers of taxa varied markedly between these pond types ( Fig. 6 . Note that the data from pasture and natural wetland ponds which grouped together in the TWINSPAN analysis are plotted separately, giving five pond types in the figure) . The total numbers of taxa were significantly higher in the natural wetland and dune ponds. Taxa were also separated into three broad types: emergent, aquatic and terrestrial types based on the plant list in Pond Action (1993) . Emergent species were significantly higher in the natural wetland ponds, whilst terrestrial species were more abundant in the arable field and dune ponds. The small gateways ponds supported significantly lower total and emergent taxa. There were few aquatic submerged or floating species in any of the pond types, although they were most frequent in the natural wetland ponds.
Botanical variation between the summers of 2012 to 2014
The taxa richness in the 20 ponds re-surveyed across the three summers was compared, again for both the total taxa and emergent, aquatic and terrestrial taxa separately: Fig. 7 summarises the numbers of taxa in the 14 arable versus the 6 natural wetland ponds for each of 2012, 2013 and 2014. ANOVA showed no significant differences in numbers of taxa between the 3 years or in the interaction between years and pond type. Emergent and aquatic species richness were significantly higher in the natural ponds, whilst the number of terrestrial species was higher in the arable field ponds (ANOVA, P \ 0.001 in all cases). The mean DOMIN scores for widespread taxa (i.e. taxa found in 6? ponds in 2012 with at least one pond with DOMIN cover of 4?, 4-10%) characteristic of either the arable field or natural wetland ponds are given in Table 4 . There was no significance differences between the three years in scores for the species associated with the natural wetlands. In the arable field ponds, DOMIN scores were significantly higher for Capsella bursa-pastoris (L.) Medik, Matricaria matricarioides DC., Atriplex prostrata Boucher ex DC., and Polygonum aviculare L. in 2012 whilst Sonchus asper (L.) Hill became more abundant in 2014. Capsella bursa-pastoris was the only widespread species in 2012 that was lost in subsequent years.
The plant communities in the twenty ponds surveyed in 2012 and again in 2013 and 2014 to examine changes to vegetation after the 2012 extreme weather event were compared using DECORANA (Fig. 8) . The ordination separated out the ponds in the arable fields versus those amongst natural wetlands into two distinct groups. However, within both groups, the positions of most ponds in each of the three different summers overlap; there were no substantial differences in species composition between years with the exception of four distinct outliers from the arable field pond in 2014 (circled in Fig. 8 ). In 2014, these four ponds were extensively covered in the crop species barley and had lost their pond flora. In most years, crop species die as the ponds retain open water into the late spring but in 2014 these ponds had dried up much earlier and the crops flourished.
Discussion
The objectives of the survey were primarily to quantify the number of ponds in a farmed lowland landscape, how their number and area changed over 3 years in response to rainfall and how these changes might vary between ponds in different land-uses. In addition the record breaking rainfall of 2012 was used opportunistically to record the changes to pond vegetation that had flourished in the arable field ponds in the aftermath of the extreme weather.
The number of ponds throughout the farm varied between a maximum of 105 within the 1 km survey area in the autumn of 2012 and a minimum of 12 in August 2011, with an average of 53.4 ponds across the 15 walks. The number of ponds shown on any large scale map of the farm over the same area is just 11, of which 10 were relatively large ponds in the natural wetland complexes usually [1000 m 2 but including one large arable field subsidence pond. Ground survey therefore revealed many more ponds than shown on maps, in line with the evidence from other audits incorporating ground truthing (Calhoun et al., 2003;  Ponds mostly in dune slacks plus three from further inland with some brackish intrusion. Dominant plants Agrostis stolonifera, Potentilla anserine L., Eleocharis palustris and some brackish indicators e.g. Triglochin maritimum L. or tolerant Ranunculus scleratatus L.. The dune slacks dry up in most summers 2 A group combining ponds in amongst permanent pasture with ponds surrounded by extensive natural vegetation in amongst wetland. In Fig. 5 the pasture ponds and those in wetlands are differentiated within the overall group. In the ponds from permanent pasture Alopecurus geniculatus, Eleocharis palustris, Glyceria fluitans (L.) R. Br. dominate with few other species. The ponds in amongst wetland complexes have these species along with larger emergents such as Juncus articulatus L., Sparganium erectum and Typha latifolia L. and a diverse understorey of herbs. The majority of ponds in pasture dry in the summer but the ponds in the wetlands do not 3 Ponds from arable fields with Atriplex postrata, Matricaria matricarioides, Polygonum aviculare and Tripleurospermum inodorum (L.) Sch. Bip.. Communities akin to UK National Vegetation types OV18 and OV28-31 which are found in disturbed, occasionally inundated ground (Rodwell, 2000) . These ponds dry in most summers and the majority are ploughed over 4 A group of small but recurrent pools in gateways of pasture fields with very few species. Matricaria matricarioides, Alopecurus geniculatus, Lolium perenne L. common. They dry most summers
The groups are characterised by TWINSPAN and DECORANA Williams et al., 2010; Pitt et al., 2012) . The density of ponds is very high compared to published estimates from lowland England, which are largely based on map surveys (e.g. Wood et al., 2003) . This is partly the result of land subsidence at Blakemoor over the old coal seams, as well as the result of the detailed ground survey. The subsidence wetlands of south East Northumberland are characteristic of the regional landscape, unusual at a national scale and perhaps internationally too. The larger subsidence ponds are known to support distinctive plant communities and may be less vulnerable to the arrival of invasives such as Crassula helmsii (Kirk) Cockayne because the ponds tend to be out of sight and on private land, compared to heavily visited sites on nature reserves (Jeffries, 2012) . Ponds in different land-uses supported distinct plant communities, all of them adding to the landscape Fig. 6 Box and whisker plots of plant species richness from the ponds in arable fields, dune slacks, small gateway ponds in pasture, pasture fields and natural wetlands. The differentiation of the small gateway ponds from the others in pasture is because they were identified as a distinct group with a characteristic but limited flora. Plants are separated into aquatics, emergent and terrestrial taxa based on lists in Pond Action (1993) biodiversity. Most of the Blakemoor ponds were small, temporary sites but recent evidence has shown that these can be home to diverse animal and plant communities, including very small sites, characterised by Williams (1987) as micro-habitats. For example ruts, track pools and livestock troughs can support rare taxa or are the preferred habitat of some amphibians (Garcia-Gonzalez & Garcia-Vazquez, 2011; Armitage et al., 2012; Hartel & Von Wehrden, 2013) . Pools in arable fields are another distinct but overlooked habitat, with characteristic communities of plants (Lukás et al., 2013) or terrestrial Carabidae and Staphylinidae beetles (Lott, 2001; Brose, 2003) . Although the plant communities were not the primary focus of this study it is notable that different communities were associated with different land-uses and that ponds from all four land-uses add to the overall diversity of taxa and communities. The natural Action (1993) wetland and dune slack ponds supported plant communities typical of shallow ponds throughout the UK, e.g. National Vegetation Classification swamp communities such as S19 Eleocharis palustris (L.) Roem. & Schult., and S14 Sparganium erectum L. swamp (Rodwell, 1995) . The amphibious grass communities of the pasture ponds, e.g. NVC MG13 Agrostis stolonifera L.-Alopecurus geniculatus L. grassland and the disturbed ground plants of the arable fields, e.g. OV 29 Alopecurus geniculatus-Rorippa palustris (L.) Besser community (Rodwell, 1992 (Rodwell, , 2000 , were not found in the natural wetland and slack ponds. Even the very small gateways ponds had a distinct, if species poor, flora. Of the 82 plant taxa recorded 11 and 3, respectively, were only found in the arable or pasture ponds, along with 4 out of 16 NVC communities only found in arable field ponds. The highest numbers of taxa were found in the natural wetland and dune ponds, in particular higher numbers of emergent species. The species of arable ponds were predominantly terrestrial taxa associated with disturbed, inundated ground. This reinforces the results from Armitage et al. (2012) and Hartel & Von Wehrden (2013) highlighting the value of these overlooked sites at the landscape scale. Pond plant communities are known to vary with land-use, e.g. increased biodiversity in ponds surrounded by more wetland or private land as a refuge from invasives spread by human visitors (Jeffries, 2012) . Precise causal links often remain unidentified although damage from livestock trampling, grazing and dunging is known to degrade pond plant communities (Declerck et al., 2006; Croel & Kneitel, 2011) and ploughing of shallow ponds in arable fields is likely to be just as damaging.
The number of wetted ponds and their areas varied markedly between years and seasons, the variations strongly related to regional rainfall. These variations are a challenge to conventional audits of pond densities and to studies using pond area as an DOMIN scores are a 1-10 scale representing different % cover, widely used for vegetation in the UK.: 10 = 91-100%, 9 = 76-90%, 8 = 51-75%, 7 = 34-50%, 6 = 26-33%, 5 = 11-25%, 4 = 4-10%, 3 = \4%, many individuals, 2 = \4% several individuals, 1 =\4% few individuals (Rodwell, 1992 ). Significant differences between years (Kruskal-Wallis) are shown by ** P \ 0.05, *** P \ 0.001 Hydrobiologia (2016) 768:255-272 267 explanatory variable for patterns and processes underpinning pond biodiversity. Area is often a weak predictor of pond invertebrate diversity, although stronger for plants (see Oertli et al., 2002) . Area may be a weak predictor of invertebrate richness because variations to the area of a pond between years could result in historic effects from previous years carrying over into later years, which are not identified in subsequent snap-shot surveys when a pond may have a significantly different wetted area. Studies of temporary ponds often include some characterisation of previous drying, e.g. ponds that dry versus those that have not, or, better still, more precise measures of dry phase length and frequency e.g. Golladay et al. (1997) , Wissinger et al. (1999) , Della Bella et al. (2005) and Jeffries (2010) so that any impact of the history of the site is made obvious. The sustained impact of recent history on ponds invertebrates has also been shown for shade (weak effects on invertebrate communities, Mokany et al., 2008) and hydrology (plants, Jeffries, 2008 and invertebrates Jeffries, 2010) but the impact of variations in wetted areas has not been systematically studied. The changing number and extent of inundated ponds echoes the scale dependent measures of pond numbers in Abedini et al.'s (2006) modelling audit. They suggested that, rather than an absolute estimate, it would be better to define how estimates of pond numbers changed with the scale of data resolution. For the Blakemoor Farm landscape there is no absolute number of ponds, but more of a varying range, characteristic of this landscape. It is likely that other landscapes will also have typical ranges which may be a better way to both define the ecology of the pond-scape and also identify how human impacts alter the functioning of the habitats if the annual and seasonal variation is markedly altered. The number and area of the ponds were closely correlated with regional rainfall, but different pond types appear to be affected by rainfall over different time scales. Ponds in the natural wetland complexes and dune slacks were affected more by the rainfall during the previous 4-6 months, whilst those in pasture and arable fields responded to short term variation over the recent weeks. The numbers and areas of pasture and arable ponds, also varied proportionately more than in those of ponds in natural wetlands or dune slacks. This suggests that different pond types will vary in their susceptibility to climate change driven variations in rainfall in addition to the changes to the size distribution of the ponds. The impact of climate extremes on the number and wetted areas of ponds was evident. The ponds in the pasture and arable fields were most numerous and extensive during the unusually wet summer and autumn of 2012. That year started with national concerns about drought but from the start of April unusually high overall rainfall including extreme individual events resulted in the wettest year on record in England, with concomitant economic losses and political fall-out (Jeffries, 2014) . The extreme rainfall benefitted the Blakemoor ponds. This was not simply because they stayed wet (indeed unusually prolonged wet phases can be destructive to temporary pond biodiversity, Jones, 2013) but because the inundation prevented intensive agricultural use of the fields. Livestock was removed from the pasture because of the wet conditions preventing trampling, dunging and grazing which can degrade plant and animal communities (e.g. Schmutzer et al., 2008; Croel & Kneitel, 2011) . Vegetation was conspicuously tall and verdant in the summer when livestock were absent. In the arable fields the crops died in the flooded pools, creating the open, disturbed conditions for the specialist flora.
Whilst the numbers of ponds changed annually and seasonally the plant communities in the 20 ponds resurveyed between 2012 to 2014 did not show marked changes. There was little overall variation in communities between years, despite the return to drier weather after 2012, except for the ponds that were ploughed. Total numbers of taxa did not differ between the three years and nor did the coverage of dominant individual species in the natural wetland ponds. There were changes amongst the arable field pond species. These included the only species to be lost from the in the ponds after 2012, Shepherd'spurse, Capsella bursa-pastoris, which is a widespread generalist weed and therefore a surprising loss. The coverage of several other arable field species differed significantly between the three summers although there was no systematic trend of decline or gain. All species other than the Shepherd's-purse survived in the ponds, albeit often as scattered, short plants compared to the luxuriant swards of 2012. In contrast to 2012 the autumn of 2013 through into 2014 was relatively dry. The dried out arable field ponds were ploughed and cereal crops survived. By summer 2014 these potential pond sites were filled by crops and had lost their specialist flora. The extreme rainfall of 2012 benefitted the pond-scape, creating large numbers of wetted ponds and disrupting intensive farming which would otherwise homogenise the landuse. Intensification of land-use remains more of a threat to the ponds in this lowland agricultural landscape than climate variation, at least in the short term. This interplay of climate and land-use creates a complex challenge. A similar outcome was identified by Dolneger et al. (2014) , in their case using modelling to predict changes in habitat availability for the Fire Bellied Toad, Bombina bombina, in Germany. Climate change scenarios led to an increase in suitable habitat, but only if land-use remained unchanged. It is more likely that the opportunities created for new crops and land-use intensification would destroy more habitat than the potential range expansion would allow.
In conclusion, 3 years of ground survey revealed a very high density of ponds, especially of smaller, temporary sites, and marked changes to their numbers and wetted areas between seasons and years driven by variations in regional rainfall. Ponds within different land-uses supported different plant communities, and each pond type contributed some unique communities and species to the overall site biodiversity. Ponds in different land-uses responded to rainfall over different time scales suggesting pond types may vary in sensitivity to climate change. Rainfall from an extreme climate event benefitted the pond-scape by inundating sites and disrupting intensive land-use. These results suggest that the threat to temperate ponds from climate change is likely to be a complex interplay between the actual variations to regional weather, the land-use in which a pond is situated and the type of pond.
with Dave Cooke, Peter Gilbert and Otaigbe Inegbedion and thoughtful suggestions from two anonymous referees and the editor.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http:// creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
